the precipitation and climate features like the MJO, which might require a coupled atmosphere-ocean model.
Introduction
Horizontal resolutions of atmospheric climate models in the fifth Coupled Model Intercomparison Project (CMIP5) are typically between 1° and 2°. This is also the case for the newest version of the atmospheric general circulation model (AGCM) developed at the Max Planck Institute for Meteorology, ECHAM6 ), which contributes to CMIP5 using T63 resolution (approximately 1.9°). At these resolutions various processes in the atmosphere cannot be resolved and have to be parameterized. The representation of unresolved processes via parameterizations is not only incomplete but also sometimes inadequate and erroneous. Thus, increasing horizontal resolution might be an option to improve model performance.
The question whether and to what extent higher resolution improves climate simulations is not new. In fact, there are several earlier studies analyzing different resolutions in climate models.
For example Williamson et al. (1995) investigate simulations with horizontal resolutions in a spectral model ranging from T21 to T106. Many studies (e.g., Tibaldi et al. 1990; Boville 1991; Kiehl and Williamson 1991; Boyle 1993; Phillips et al. 1995; Branković and Gregory 2001) agree with Williamson et al. (1995) that the performance of spectral models improves significantly when resolution is increased from T21 to T42. With higher resolutions the simulations improve further, however, the improvements are rather minor compared to the step from T21 to T42. Hence, Williamson et al. (1995) and others conclude that a minimum resolution of T42 is required, but that an even higher resolution would be preferable.
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This study analyzes the effect of increasing horizontal resolution in the atmospheric model ECHAM6 on the simulated mean climate state and climate variability. For that purpose three AMIP-style simulations with the resolutions T63L95, T127L95, and T255L95 are compared to reanalysis data and observations. Biases in atmospheric fields as well as tropospheric and stratospheric biases individually are analyzed. Besides mean errors of the climate state and the variance, some atmospheric phenomena with different time scales are studied at the three horizontal resolutions: the transient eddy kinetic energy, storm tracks, atmospheric teleconnections, the Madden-Julian-Oscillation (MJO), and the Quasi-Biennial Oscillation (QBO). The main result is that, overall, the bias of the simulated climate is reduced with increasing resolution when considering the mean state and the variance. A greater improvement takes place in the extra-tropical than in the tropical troposphere. The errors in the stratosphere are generally larger but the relative benefit of increasing resolution is greater than in the troposphere and we find that stratospheric phenomena, like the QBO, are sensitive to horizontal resolution. Globally, the bias of the mean state improves by 19 %, while the bias of the variability improves by 15 % (from T63 to T255). Major challenges remain the simulation of Besides a general improvement of model performance, there are also some specific climate features that are sensitive to horizontal resolution. Stratton (1999) observes an improved cold bias in the troposphere and a general increase in variability with higher resolution in an AMIPtype model (0.833 • × 1.25 • compared to 2.5 • × 3.75 • ). Furthermore, the vertical motion and the hydrological cycle intensifies, the westerly jets are shifted poleward and the eddy kinetic energy is increased. Pope and Stratton (2002) apply an AMIP-type model, again with resolutions between 2.5 • × 3.75 • and 0.833 • × 1.25 • , and show that increased horizontal resolution overall improves the accuracy of their simulations.
More recent studies benefit from enhanced computational power and are able to analyze higher horizontal resolutions. For example, Roeckner et al. (2006) analyze climate sensitivity to vertical and horizontal resolution in ECHAM5, a previous ECHAM version, with resolutions ranging from T21L19 to T159L31. They find that for resolutions higher than T42 (up to T159), increasing the horizontal resolution (with a fixed vertical resolution) does not lead to a more realistic climate state. Increasing the vertical resolution does, however, improve the simulation.
Recent and present-day studies also apply newer versions of climate models. For example, Shaffrey et al. (2009) increase the resolution from 1.25 • × 1.875 • to 0.83 • × 1.25 • and Dawson et al. (2011) from T159 to T1279, in more recent GCMs (from the Hadley Centre and ECMWF). Both apply coupled atmosphere-ocean models and observe only small improvements with increasing resolution in various aspects of the mean climate state and its variability.
A prominent example of a recent study that applies very high horizontal resolutions is described by Jung et al. (2012) . They analyze experiments with the ECMWF model in an atmosphere-only configuration with four different horizontal resolutions: T159 (1.125°), T511 (0.351°), T1279 (0.125°), and T2047 (0.088°). It should be noted, that the spectral resolutions of the ECMWF model and ECHAM are not equivalent (for example a spectral resolution of T255 equals approximately 0.46° in ECHAM and 0.75° in the ECMWF model). Jung et al. (2012) find that increasing horizontal resolution improves the tropical precipitation, the tropical atmospheric circulation, the frequency of occurence of Euro-Atlantic blocking, and the representation of extra-tropical cyclogenesis in large parts of the Northern Hemisphere extra-tropics. The majority of the improvements come from the step from T159 to T511with relatively small changes for further resolution increases to T1279 and T2047.
Another study with a very high horizontal resolution is described by Bacmeister et al. (2014) . They compare high resolution (0.23 • × 0.31 • ) simulations with a coarser resolution (0.9 • × 1.25 • ). Even though they do not find that the overall simulated climate improves dramatically with increasing resolution, they observe improvements in regions with strong topographic effects. Furthermore, a more realistic tropical cyclone distribution is obtained. Delworth et al. (2012) compare different model versions of the GFDL coupled model with different resolutions in atmosphere and ocean. The coarser model has a horizontal resolution of approximately 200 km in the atmosphere and the higher resolution model version approximately 50 km. They find improvements in model performance in many regions, but especially in the tropics where coupled atmosphere-ocean processes, like ENSO, take place. Watterson et al. (2013) analyze the skill of 25 coupled models participating in CMIP5 with horizontal resolutions ranging from 96 km to 258 km grid cell size. They find a high correlation between horizontal resolution and the skill of the model and conclude that the greatest part of the improvement of the CMIP5 simulations (compared to CMIP3) can be related to the increase in resolution of the participating models.
There are also some studies applying a high horizontal resolution but without comparing the results to coarser resolutions. For example, Mizuta et al. (2012) analyzed the performance of a high resolutions model (20 km grid size) with new parameterization schemes, while Kirtman et al. (2012) focuses on the impact of increasing resolution in the ocean (with an atmospheric resolution of 0.5°). Very recently, a high resolution project, UPSCALE , has constructed and run an ensemble of global AMIP simulations with the HadGEM3 model at resolutions between 25 and 130 km. Demory et al. (2014) show that the representation of the global hydrological cycle improves with resolution in the UPSCALE simulations. Further results regarding the role of model resolution in these simulations are not available at the time of writing.
This study also deals with the effect of horizontal resolution on the performance of an atmospheric model. For that purpose a new high resolution version of ECHAM6 is applied. The aim of this study is to analyze the effect of increasing horizontal resolution in ECHAM6. We want to know whether systematic errors of the mean climate state and of its variability decrease with increasing horizontal resolution. A global metric is introduced, i.e. a normalized error, that indicates if the representation of the atmospheric state improves overall with increasing resolution in ECHAM6. While other studies have looked at individual fields or phenomena, to our knowledge there is no systematic study of the overall effect of horizontal resolution on the atmospheric state.
Furthermore, we investigate whether there is any indication that the ECHAM6 solution converges when increasing horizontal resolution from T63 to T255, where the differences between the resolutions are and what causes them. We concentrate on the large scale changes. In some cases, these may be attributed to the changes in the representation of small scale processes.
Another focus of this work is the sensitivity of the stratosphere toward an increase in horizontal resolution, since this has not been analyzed systematically in recent studies with AGCMs, which have a fine vertical resolution in the stratosphere and a high top like ECHAM6.
Besides the overall bias of ECHAM6 and its sensitivity toward horizontal resolution, climate features with different time scales are studied under increasing resolution: transient eddy kinetic energy, storm tracks, atmospheric teleconnections, the Madden-Julian-Oscillation, and the Quasi-Biennial Oscillation. Two phenomena which are often discussed in the context of increased resolution are atmospheric blocking and tropical cyclones. Blocking plays an important role for the jet variability. Several studies on the simulation of blocking in AMIP and CMIP runs have shown, that an increase in horizontal resolution can lead to improvements of European blocking, but not of Greenland and Pacific blocking (e.g., Berckmans et al. 2013; Anstey et al. 2013; Berner et al. 2012; Jung et al. 2012) . The matter of atmospheric blocking in ECHAM6 with increased resolution is discussed in a separate study (in preparation). Strachan et al. (2013) investigated systematically the impact of spatial resolution on the simulation of global tropical cyclone activity and found that model resolution is crucial for a realistic simulation of tropical cyclones. However, in contrast to Strachan et al. (2013) , we do not have an ensemble of of simulations available and the time period appears to be too short to study tropical cyclones under increasing resolution in ECHAM6. ECHAM6, the model applied here, is a new version of the ECHAM atmospheric model and model behavior may differ from previous versions. Furthermore, the sensitivity of ECHAM6, at much higher resolution than applied for example in Roeckner et al. (2006) , using a vertical discretization with a very high top has not been studied systematically. Stevens et al. (2013) introduce the atmospheric model, ECHAM6, and compare its performance to older ECHAM model generations. In that context Stevens et al. (2013) also analyze different horizontal and vertical resolutions of ECHAM6. However, the influence of horizontal resolution on the representation of the climate state has not been analyzed systematically in great detail and vertical resolution is not kept constant throughout the analysis.
Some of the earlier studies dealing with the impact of increasing resolution apply higher resolutions than the ones used here (for example Jung et al. 2012) . In this study we do not claim to apply the highest horizontal resolution but focus specifically on the performance of ECHAM6 and its sensitivity toward higher resolution. Furthermore, this study aims to identify model-independent features in the sensitivity toward horizontal resolution. Therefore, we compare results from this study with ECHAM6 to earlier studies with other models.
In order to isolate the effect of horizontal resolution, all simulations contain the same number of vertical levels (95). ECHAM6 is applied as an atmosphere only model to limit the number of possible feedbacks. The analysis of uncoupled simulations excludes the influence of SST biases on atmospheric dynamics. On the other hand a number of coupled atmosphere-ocean phenomena, like ENSO, cannot be analyzed here.
The model applied in this study, ECHAM6, the experimental design, and the data used in this work are introduced in Sect. 2. Results for the climatological mean state in troposphere and stratosphere and its main biases are given in Sect. 3. In Sect. 4, different variability phenomena are analyzed, including eddy kinetic energy, storm tracks, atmospheric teleconnections, the Madden-Julian Oscillation, and the Quasi-Biennial Oscillation. The conclusions with a summary and an outlook are presented in Sect. 5.
Model and data

ECHAM6
To quantify the impact of horizontal resolution on the ECHAM6 performance and to identify the gain facilitated by increasing horizontal resolution in future modelling projects, three AMIP-runs (Atmospheric Model Intercomparison Project, Gates 1992) were performed with ECHAM6 for the period from 1979 to 2008. AMIP simulations are standardized experiments with an AGCM that is forced by historic sea surface temperatures and sea ice starting from 1979 to the near present. The AGCM is not coupled to an ocean model to focus on the atmosphere without the added complexity of atmosphere-ocean feedbacks. Apart from a few necessary adjustments, the only parameter that has been changed between the three simulations is the horizontal resolution. The resolutions used are the "mixed resolution" (MR, T63L95), the "high resolution" (HR, T127L95), and the "very high resolution" (VHR, T255L95). The names of the models ("mixed", "high", and "very high") are used for historical reasons in ECHAM6. The VHR run was completed within the German consortium project STORM.
Three AMIP simulations are performed with ECHAM6, the atmospheric component of the Earth System Model developed by the Max Planck Institute for Meteorology in Hamburg (MPI-ESM). ECHAM6 is the newest version of the atmospheric general circulation model developed by the Max Planck Institute for Meteorology. Relative to earlier versions, ECHAM6 contains an improved representation of radiative transfer in the shortwave radiation, a new aerosol description, an improved representation of surface albedo, a greatly improved representation of the middle atmosphere, and further (minor) changes which are presented in more detail in Stevens et al. (2013) .
The simulations in this study have different horizontal resolutions (see Table 1 ), but the same vertical grid: 95 hybrid σ-pressure-levels resolve the atmosphere from the surface up to 0.01 hPa. Each simulation is integrated for 30 years from 1979 to 2008 (with a spin-up time of 3 years starting 1976) using lower boundary conditions prescribed by the CMIP5 protocol for AMIP simulations. For the analysis the higher resolution simulations (HR and VHR) have been interpolated to the T63 grid of the MR simulation to make the models better comparable.
Basically, all settings are the same in the three model versions, apart from a few adjustments regarding the radiation balance, the horizontal diffusion, and the gravity wave parameterization (Hines 1997 (Hines , 1997 . The radiation balance is tuned by varying a few cloud parameters (Mauritsen et al. 2012) . For the gravity wave parameterization, the intensity of the injected waves in the tropics (between 5°N and 5°S) is reduced from 1.2 in MR to 1.05 in HR and finally to 1.0 in VHR. The higher resolutions require a reduced time step for the numerical integration, so the time step has been changed from 450 s (MR) to 240 s in HR and to 120 s in VHR.
Observations and reanalysis data
The bias of the ECHAM6 AMIP-type simulations is assessed by computing the differences to reanalysis data or observations. For most variables reanalysis data from ERAInterim (Dee et al. 2011 ) is used, which covers the same time period as simulated in the AMIP integrations . Reanalysis of meteorological observations also depends on a model and the results will be influenced by the model underlying the reanalysis. However, in this work for computing the model bias, ERA-Interim data are used due to lack of sufficient observations. ERA-Interim also has a rather high resolution in the horizontal (T255 which equals 0.75° here) and is available on 23 vertical pressure levels between 1,000 and 1 hPa.
It should be noted that it has been a long time since the first version of ECHAM branched from an early (ca. 1987) version of the ECMWF model. Thus, the similarities between ERA-Interim and ECHAM6 data are not necessarily caused by a similar model. However, to assess the sensitivity of the results to the choice of the reanalysis product, the bias of the ECHAM6 models is also computed in comparison to NCEP reanalysis data (Kalnay et al. 1996) . The data is available in 2.5 • × 2.5 • resolution in the horizontal and 17 vertical pressure levels between 1,000 and 10 hPa.
Only for the precipitation we use "real observations" compiled by the Global Precipitation Climatology Project (GPCP), a global data set of surface precipitation at 2.5 • × 2.5 • resolutions. The data set contains a merged analysis of precipitation estimates from low-orbit satellite microwave data, geosynchronous-orbit satellite infrared data, and surface rain gauge observations Xie et al. 2003) .
ERA-Interim, NCEP, and GPCP data are also interpolated to a T63 grid for the comparison to our model simulations. The results for the climatological mean of the mean sea level pressure (MSLP) are shown in Fig. 1 , where the statistically significant differences between the model MSLP and ERA-Interim MSLP are shown. A t test with a 5 % significance level is applied. The main result is an overall decrease of the systematic error with increasing resolution. The global root-mean-square error (rmse, defined in Sect. 3.3, Eq. 1) decreases from 1.67 hPa in MR to 1.35 hPa in HR and to 1.29 hPa in VHR.
Over the Arctic the MR simulation overestimates the MSLP (especially in JJA, not shown), however, with higher resolutions the pressure is reduced in this region and hardly shows significant differences to ERA-Interim. This result is in agreement with earlier studies. For example Stratton (1999) also observes decreasing pressure over the Arctic at higher resolution, even though she does not find an overall reduction in the systematic error of the MSLP. The MSLP is also overestimated in the southern polar latitudes (strongest in DJF, not shown), but underestimated in the southern Pacific and Indian Ocean (most pronounced JJA). This bias is strongest in the MR simulation and is reduced Fig. 1 . The main difference is a strong negative bias over Antarctica, which does not improve with increasing resolution.
The biases in the MSLP are related to the biases in the westerly jets and the storm tracks. Figure 2a , c, e show the statistically significant bias of the zonal mean zonal wind and the root-mean-square errors, which become smaller with increasing resolution. Compared to ERA-Interim the lowest resolution (MR) shows an equatorward shift in the subtropical jets. With higher resolution the jets shift farther polward and the bias is reduced. The westerly bias in the tropical upper troposphere also decreases with increasing resolution.
However, some features of the representation of the zonal mean zonal wind do not improve with higher resolution. A westerly bias over the southern high latitudes (especially in DJF, not shown) and an easterly wind anomaly over the northern high latitudes (in JJA, not shown) remain. The tropical stratosphere (Fig. 2b, d , f) experiences a westerly bias, which increases with higher resolution. Especially for the higher resolutions the parameterization of the gravity wave drag might need further adjustment to better represent the zonal winds in the stratosphere.
The zonal wind bias of ECHAM6 in relation to NCEP (now shown) again shows a very similar pattern: the subtropical jets are shifted equatorward and a westerly bias is located in the tropical upper troposphere. With increasing resolutions these biases become smaller.
The bias for the zonal mean temperature (in comparison to ERA-Interim) is shown in Fig. 3a , c, e. For all three resolutions and in all seasons (only annual mean is shown) there is a strong cold bias throughout low and mid-latitudes in the middle and upper troposphere with a maximum around 200 hPa at all latitudes. With increasing resolution the troposphere warms and the bias becomes smaller as does the global root-mean-square error. In the mid-latitudes the areas of warming correspond to the regions where the jet shifts poleward with higher resolution. The tropospheric warming with increasing resolution is in agreement with earlier studies (for example Williamson et al. 1995; Stratton 1999) . Stevens et al. (2013) also observe the cold bias in the upper troposphere. They do not analyze the influence of horizontal resolution in detail, but find that this bias vanishes if the vertical resolution is increased significantly (approximately 300 m in the uppper troposphere). In the lower troposphere, the model underestimates temperatures above Antarctica and overestimates temperatures above the Arctic. This bias hardly changes with increasing resolution.
The cold bias in the upper troposphere in ECHAM6 can also be observed in comparison to NCEP (not shown), as well as the improvement with resolution. However, there is no cold bias over Antarctica.
Model precipitation is compared to the GPCP data. For all three model versions, systematic precipitation errors occur, which are especially strong in the tropics (the model error for MR is shown in Fig. 4a ). The Indian Ocean and the western Pacific are the regions with the greatest bias. Precipitation is generally overestimated over the tropical oceans and with increasing resolution the bias hardly decreases. Stevens et al. (2013) find that the precipitation bias does not only remain with increasing resolution but has also been relatively constant over the different ECHAM generations.
A precipitation bias that does not globally improve with increasing resolution is not only a feature of ECHAM but also of other GCMs. For example, the global-mean precipitation bias remains as resolution is increased in the HadGEM1 and HadGEM3 models, yet the spatial distribution of tropical precipitation and the ratio of land to ocean precipitation does improve with resolution in these models Schiemann et al. 2014) . Bacmeister et al. (2014) observe an increased double ITCZ bias in CAM4 and CAM5 when increasing the horizontal resolution from 0.9 • × 1.25 • to 0.23 • × 0.31 • . The worsening of the double ITCZ bias has also been reported by Jung et al. (2012) going from T159 to T511 with the ECMWF model. In contrast, Delworth et al. (2012) report a substantial improvement of the representation of the precipitation and a reduced tendency of a double ITCZ when increasing the resolution from about 200 to 50 km. However, it should be noted that Delworth et al. (2012) 
apply a coupled atmosphere-ocean model (GFDL).
To further analyze the impact of increased resolution, the precipitation is split into its convective and large-scale components, even though such a decompostition of the GPCP data is not possible.
Convection in an AGCM is parameterized and depends on parameterized vertical motion. In higher resolution simulations more scales of vertical motion are explicitly simulated (and do not need to be parameterized). Thus, with increasing resolution convective precipitation decreases in the global mean (decrease of approximately 4.8 % from MR to HR and 7.5 % from HR to VHR). In Fig. 4b , c it is shown that the greatest reduction takes place over the equatorial Indian Ocean and western Pacific, thus reducing the bias in this region (apart from a few grid points in the western tropical Pacific). Convective precipitation is most strongly affected by an increase in horizontal resolution over the Indian Ocean in JJA during the Asian monsoon season, which is not surprising since the monsoon precipitation is influenced by orographic effects which are best resolved in VHR. Sperber et al. (1994) analyze the horizontal resolution dependence of the simulation of the Asian summer monsoon including a more accurate representation of orographic features and the resulting precipitation rates. They find that higher resolutions give (overall) more accurate results, especially when concerning high-frequency synoptic-scale variations.
In contrast to convective precipitation, large-scale precipitation increases with higher resolution (see Fig. 4d , e): in the global mean by approximately 8.8 % from MR to HR and by 7.4 % from HR to VHR. The large negative biases over South Americal (see Fig. 4a ) are reduced by enhanced large-scale precipitation in higher resolution runs. The increase in large-scale precipitation is almost uniformly distributed over the tropics and subtropics. When horizontal resolution is increased and grid cells become smaller, humidity saturation level is reached faster and, thus, largescale precipitation increases. The increase in large-scale and decrease in convective precipitation is in agreement with earlier studies (e.g. Duffy et al. 2003; Boyle and Klein 2010; Jung et al. 2012) , though to a different extent.
Many features of the tropospheric mean climate state improve with increasing resolution. For example the bias of the mean sea level pressure is strongly reduced when going from the MR to the HR and further to the VHR model. Furthermore, the equatorward shift in the subtropical jets and the cold bias in the middle and upper troposphere are reduced when applying a higher horizontal resolution. However, there are also climate variables that do not benefit from a higher resolution. The rather large error in the precipitation, for example, remains. Apart from some regional differences, a comparison to ERA-Interim and to NCEP data leads to similar biases in the ECHAM6 simulations.
The mean stratospheric state
All three simulations are run with 95 vertical levels. The uppermost level is located at approximately 0.01 hPa. The very high vertical resolution and the high top allow us to obtain a clear picture of the biases of the stratosphere. It should be noted, however, that ERA-Interim data is available only up to 1 hPa. The highest vertical level of NCEP is located at 10 hPa and therefore the stratospheric bias of ECHAM6 is only computed relative to ERA-Interim.
In Fig. 2b, d , f the bias of the zonal mean zonal wind is shown with a logarithmic vertical axis to highlight the stratospheric bias. In MR (Fig. 2b ) a very strong easterly bias can be observed above the subtropical jet streams. This easterly bias becomes smaller with increasing resolution. In contrast, an upper atmospheric easterly bias in polar regions becomes stronger in HR (Fig. 2d) and VHR (Fig. 2f) . A westerly bias in the equatorial region around 5-10 hPa becomes smaller in magnitude with increasing resolution, however, the area of the westerly bias becomes greater. The zonal mean temperature bias is also displayed with a logarithmic p-axis to show the stratospheric biases of MR (Fig. 3b) , HR (Fig. 3d) , and VHR (Fig. 3f) . While the troposphere is dominated by a large cold bias at upper levels, there is a strong warm bias in the stratosphere at low and mid-latitudes. This warm bias is greatly reduced when going from MR to HR. However, from HR to VHR the reduction of the bias is only very small.
The overall biases
The root-mean-square error (rmse) shows whether the representation of a meteorological field, e.g. the MSLP, is improved with increasing resolution. However, the rmse has the unit of the meteorological field and the absolute value of the error has to be interpreted individually for each variable. To better compare the overall biases of the different climate variables, a normalized error (nrmse) is introduced, where the rmse is normalized by the standard deviation of the time mean observation field as a measure for the spatial variation. The definitions of the rmse and the nrmse are given in Eqs. 1 and 2, where N is the number of grid points, the index M stands for the MR, HR, and VHR model accordingly and the index O for the observations, i.e. ERAInterim, NCEP or GPCP. w i are weights for the (differently sized) grid cell areas, so that a global mean of the bias can be computed. Reichler and Kim (2008) have already introduced a composite measure of model performance to objectively quantify the agreement between model and observations. They use a mean error normalized by the interannual variance of observations and scaled by the average error found in an ensemble of models. Our method is quite similar using the standard deviation of observations, however, we do not have an ensemble of simulations.
The root-mean-square and the normalized errors (compared to ERA-Interim) for temperature (T), moisture (Q), wind (U and V), and geopotential height (Z) at different levels (200, 500, and 850 hPa) and for the zonal mean, as well as for precipitation (precip) and mean sea level pressure (MSLP) are presented in Table 2 . Values in orange/ red denote no improvement/deterioration of the error with higher resolution.
( In Table 4 the global mean normalized error (compared to ERA-Interim) is given to represent the overall performance of the model for a specific resolution. The global mean normalized error is the arithmetic mean of the normalized errors of temperature, horizontal wind, specific moisture, and geopotential height fields on 23 vertical levels (1, 000, 925, 850, 775, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 10, 7, 5, 3, 2 , and 1 hPa). In the case of the specific moisture (Q) only levels up to 300 hPa are taken into account. Different weights for the levels are considered in the average. Furthermore, relative differences between the resolutions are shown where the difference is normalized by the nrmse of the respective lower resolution. The statistical significance of the differences is computed with a permutation test. Table 5 shows the same errors in comparison to the NCEP data. However, only 17 vertical levels are available: 1, 000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa. For the variables chosen in Table 2 , the step from MR to HR leads to an improvement (relative to ERA-Interim) in all cases. The global mean normalized error (see Table 4 ) reduces by 4.42 (from 31.29 in MR to 26.87 in HR), which is an improvement by 14 %. When going from HR to VHR the mean error decreases further for most variables, even though Table 2 shows that the representation of some climate fields does not improve with resolution anymore. In the case of the meridional velocity at 850 hPa, for example, there is a reduction in the normalized error when going from MR to HR, but VHR has about the same error as (or even slightly larger than) HR. The global mean bias improves by 1.58 (from in 26.87 HR to 25.29 in VHR), which is an improvement by 6 %, which is however not statistically significant.
For the root-mean-square and normalized errors in comparison to NCEP (table for individual fields not shown) there is also an improvement for almost all variables (except the zonal mean specific humidity and meridional velocity) in the step from MR to HR. However, when going from HR to VHR many of the variables shown in Table 2 do not show an improvement with increasing resolution anymore. Overall, the performance of ECHAM6 still improves with increasing resolution compared to NCEP data. Table 5 shows that there is an overall improvement by 9 % from MR to VHR.
ECHAM6 reveals biases not only with respect to the mean state, but also with respect to the second moments. Here we evaluate the variance of daily meteorological fields by quantifying the difference between the simulated and observed variances in terms of the respective rootmean-square error and the normalized error defined in Eqs. 3 and 4. Table 3 shows the root-mean-square error and the normalized error for variance fields in comparison to ERA-Interim.
For the individual variables there are now a few cases where an improvement of the representation of the variance field with resolution does not take place even in the step from MR to HR. For example, the overall bias in the moisture field at 500 hPa hardly changes. For the precipitation, the zonal mean temperature and geopotential height, the systematic error even increases with higher resolution. Compared to NCEP (table for individual fields not shown) there are also some variables, where the bias in ECHAM6 becomes stronger with increasing resolution: the moisture at 500 hPa, the meridional velocity at 850 hPa and the zonal mean temperature and geopotential height.
Overall, there is an improvement of the global mean normalized error for the variance (see Table 4 for a comparison with ERA-Interim). However, overall the reduction of the bias with resolution is smaller than for the mean state. From MR to HR the error is reduced by 10 % (compared to 14 % for the mean climate state) and from HR to VHR by 6 %, which is again not statistically significant. Table 4 gives the mean normalized error relative to ERAInterim and Table 5 relative to NCEP for different region as well as the relative improvement with resolution: the global mean error, the error averaged over the troposphere (1,000-300 hPa), over the stratosphere (300-1 hPa for ERA-Interim and 300-10 hPa for NCEP), over the tropics (30°S-30°S) , and over the extra-tropics (90°S-30°S and 30°N-90°N) .
The tropospheric and stratospheric biases have been discussed in Sects. 3.1 and 3.2 respectively. Thus, it could be interesting to make a distinction between the mean normalized error of the troposphere and the stratosphere.
For the mean state the mean normalized error in the stratosphere is much higher than in the troposphere, while it is in the same order of magnitue for the variance. The mean nrmse in MR is 22.94 in the troposphere compared to 38.51 in the stratosphere (with ERA-Interim, but similar mean normalized errors can be observed with NCEP). However, with increasing resolution the difference between troposphere and stratosphere becomes smaller: while the relative improvement from MR to HR is 16 % in the troposphere and 15 % in the stratosphere,
the relative improvement from HR to VHR is greater in the stratosphere. Overall, from MR to VHR, the bias of ECHAM6 in the troposphere is reduced by 18 % compared to 22 % in the stratosphere. While the model bias for the mean state is much greater in the stratosphere, there is also a greater benefit of increasing the horizontal resolution. For NCEP the change in the error in the step from HR to VHR is very small for both troposphere and stratosphere. Here, the stratosphere also benefits more from increasing resolution (8 % compared to 6 % in the troposphere), however the reduction of the stratospheric error is not statistically significant relative to the NCEP data.
The nrmse in the tropics is much greater than in the extra-tropical regions (96.41 compared to 35.39 in MR). The difference in the NCEP error between the tropics and extra-tropics is even greater. However, Tables 4 and 5 reveal that the greatest contribution to the tropical bias comes from the stratosphere.
In the troposphere, the nrmse in the tropics is still almost twice as high as in the extra-tropics. The improvement of the bias (relative to ERA-Interim) with resolution is very pronounced in the extra-tropical troposphere (23 % from MR to HR and 8 % from HR to VHR), while the bias in the tropical troposphere only improves in the step from MR to HR (by about 14 %) and hardly in the step from HR to VHR (only by 1 %). It should be noted that improvements of the bias in the tropics are not statistically significant. Even in VHR, where the resolution is highest, small scale features which are especially relevant for the tropical climate, like convection, are still not resolved, while meso-scale processes in the extra-tropics benefit more from the higher resolution. In contrast, Delworth et al. (2012) find that the simulation of the tropics is notably improved when increasing the resolution from 200 to 50 km. However, their coarse resolution is approximately equivalent with our MR while their higher resolution model has a similar resolution as our VHR. The step inbetween (HR) is missing in Delworth et al. (2012) , which could explain the differences.
In contrast to the mean state, the stratospheric bias in variance does not benefit more from a higher horizontal resolution than the tropospheric bias. The tropical bias of the variance again exceeds the extra-tropical bias. In the tropics the relative improvement from MR to VHR is larger and, in contrast to the extra-tropics, statistically significant (for both ERA-Interim and NCEP).
Overall, the representation of the mean climate state as well as the variance of climate fields improves with increasing horizontal resolution from MR over HR to VHR, even though the representation of some individual variables does not improve or even deteriorates. Taking ERA-Interim as reference data overall leads to a greater improvement of the ECHAM6 simulation with resolution than for NCEP data. However, even with NCEP data, at least the step from MR to HR still shows significant improvement of the mean normalized error.
Representation of variability phenomena
Eddy kinetic energy
The transient eddy kinetic energy (TKE) is defined as:
where u ′ is the transient component of u with u ′ = u − u and the overbar indicating the 30-year-mean (over the entire 30 years to include variability on all time scales). The transient components are derived using daily means.
The maximum of the transient eddy kinetic energy in the troposphere can be found in the region of the westerly jets (see Fig. 5a ). When increasing the resolution from MR to HR (see Fig. 5c ), the maximum transient eddy kinetic energy increases in all seasons and in both hemispheres (Table 6 ). This is in agreement with earlier studies, for example Boville (1991) , Boyle (1993) , Williamson et al. (1995) , and Stratton (1999) , who found that the TKE in the region of strong westerly jets increases with resolution. In the VHR model this increase with horizontal resolution cannot be observed (Fig. 5d ) and the peak TKE values are mostly lower than in HR (see Table 6 ). It should be noted that the increase in TKE in the jet regions does not improve agreement with ERA-Interim or NCEP data, since even in the MR model the transient eddy kinetic energy is overestimated almost throughout the entire troposphere, especially around 200 hPa between 50°N and 50°S (see Fig. 5b ). Even though the maximum TKE in the jet regions is overestimated and the transient eddy kinetic energy increases further from MR to HR, the root-mean-square error decreases with increasing resolution. This is due to the reduction of variance biases in the tropical troposphere. Thus, the overall representation of the transient kinetic energy field can be improved by higher horizontal resolution. In contrast to ealier studies, we find that the TKE does not necessarily increase with higher resolution.
Storm tracks
While the eddy kinetic energy is computed using daily fluctuations of zonal and meridional wind components, the storm tracks are represented by the variance of 2-to-10-day band pass filtered geopotential heights at 500 hPa during winter time (DJF for the northern and JJA for the southern hemisphere). Stratton (1999) , for example, found that with higher resolution the standard deviation of band pass filtered (2.5-6 days in that case) 500 hPa heights increases in both hemispheres and in all seasons. In contrast to Stratton (1999) , but in agreement with Déqué and Piedelievre (1995) , we observe differences in the variance but a general increase in variability with resolution cannot be observed.
In the northern hemisphere, the main storm tracks are located over the North Atlantic and in the North Pacific. Figure 6a shows the band pass filtered variance of geopotential height for the MR case. In Fig. 6b , a comparison to ERA-Interim shows systematic errors in the model. Over large areas the variance of the geopotential height is overestimated by the MR model.
The Pacific storm track is located too far south and stretches too far into the American and the Asian continents. The southward shift of the storm track is about the same in all three models (see Fig. 6c, d) , however, the positive biases over northwest America and northeast Asia are reduced, especially in the VHR model. The North-Atlantic storm track is too zonal. In ERAInterim the storm track bends to the Norwegian coast, whereas in the MR model the strom track reaches central Europe. Thus, the bias is positive over southern Europe and negative over northern Europe and at the southeast coast of Greenland (Fig. 6b) . The bias at the coast of Greenland is even stronger in HR than in MR, but with the highest resolution, VHR, the representation of the storm tracks over Europe and the northern Atlantic improves again. Zappa et al. (2013) analyze the ability of CMIP5 models to simulate North Atlantic storm tracks. They find that even though CMIP5 models show an improved ability to simulate the Atlantic storm tracks and especially to capture the northeastward tilt in the Norwegian Sea (relative to CMIP3 models), the majority of the models still have a storm track that is too zonal. Furthermore, they observe that in particular the higher resolution models tend to capture the tilt of the storm track. It should be noted, however, that Zappa et al. (2013) compare different coupled models with various resolutions. In contrast, we analyze the differences between resolutions in only one atmospheric model (ECHAM6).
In the southern hemisphere (not shown), the storm track is located over the Antartic Circumpolar Current and is strongest between the east coast of South America and the west coast of Australia. For large parts, the southern hemispheric storm track is underestimated by the MR model. Only in the area of the Drake Passage the band pass filtered variance of geopotential height at 500 hPa is stronger in MR than in ERA-Interim. When increasing the horizontal resolution from MR to HR both the positive and negative biases are greatly reduced. However, increasing the resolution from HR to VHR hardly leads to further improvements in the representation of the southern hemispheric storm tracks. Again, a general increase in the intensity of the storm tracks with resolution cannot be observed, but the storm tracks are better represented with higher resolution models.
The eddy kinetic energy is mostly overestimated by the models (see Fig. 5 ). This might be connected to the winds, which are too strong at around 200 hPa in the tropics and subtropics (Fig. 2) . The overestimation of the storm tracks (especially in MR) is also connected to the strong winds and high eddy kinetic energy, which cause too much variability in this region. The higher eddy kinetic energy in the latitudes of the storm tracks could imply that individual storms might be more intense in the simulations. With increasing resolution the overestimation of the wind and the TKE is reduced, which also improves the representation of the storm tracks. 
Atmospheric teleconnections
Atmospheric teleconnection patterns describe large-scale spatial patterns of correlated anomalies of climate fields with time-varying amplitude and phase. They represent a considerable portion of the low-frequency atmospheric variability on time-scales of months and longer. Therefore, general circulation models should simulate these patterns reliably. In analogy to the evaluation study by Handorf and Dethloff (2012) , here we investigate, how the quality of the simulated teleconnection patterns is influenced by the increasing resolution of ECHAM6. As in Handorf and Dethloff (2012) we study the teleconnection patterns for the mid-tropospheric circulation of the dynamically active season of the Northern Hemisphere (NH) . Therefore, we analyze the gridded geopotential height fields at 500 hPa (Z 500 ) from 20°-90°N for the boreal winter months December, January, February (DJF). To emphasise the low-frequency variability patterns, a simple filtering is achieved by using monthly mean data. Data preprocessing includes the calculation of anomaly fields by removing the mean seasonal cycle and linear trends.
For the calculation of the teleconnection patterns and indices the empirical orthogonal function (EOF) analysis has been applied (e.g., Preisendorfer 1988; Hannachi et al. 2007 ). In our case, the empirical orthogonal functions represents the spatial patterns, whereas the time-dependent amplitudes of the EOFs are the principal components (PCs). Equal-area weighting is ensured by multiplying all fields with the square root of the cosine of latitude (North et al. 1982) . To get more localised patterns with a better separation of the EOF for each spatial point, we apply a rotated EOF analysis (REOF) to the ten leading EOF patterns, using varimax rotation (Richman 1986) .
To summarize the pattern statistics for the variability patterns of all reanalysis data sets and model runs, Taylor To quantify the pattern statistics for both reanalysis data sets and all model resolutions, Fig. 9a displays the respective Taylor plots. The patterns determined for the two reanalysis data sets are very similar. There is no improvement of the skill of the models in reproducing the spatial patterns of teleconnections with increasing horizontal resolution. For the PNA pattern, the VHR model performs slightly worse than the lower resolution models.
It has long been recognised that the major teleconnection patterns and the variability of the atmospheric jet streams are dynamically consistent (e.g., Wallace and Gutzler 1981; Blackmon et al. 1984) . In particular changes in the latitudinal position of the North-Atlantic jet (jet wobbling) and the NAO and a strengthening/weakening of the North-Pacific jet (jet pulsing) and the PNA are strongly linked (e.g., Athanasiadis et al. 2010 ).
The Fig. 7b , c, e, f illustrate the relation of the NAO to the jet variability for the ERA-Interim and the MR model. The jet variability is characterised by the patterns of zonal wind (u) variability which have been determined by an EOF analysis of the zonal wind field u at 500 hPa for the Atlantic region (−120° to 60°W, 20°-90°N) (Fig. 7c, f ) . For both, ERA-Interim and the MR model, the dominant pattern of u-variability reveals a north-south shift in the position of the Atlantic jet. The similarity of the regression patterns of the geopotential height field at 500 hPa onto the PC-timeseries of u-EOF1 (ATL-u-PC1) with the NAO pattern (pattern correlation 0.9 for ERA-Interim and 0.78 for MR) underlines the close link between the NAO pattern and the variability of the Atlantic jet stream. This link has been reproduced by the MR model satisfactorily.
The summary of the link between NAO and Atlantic jet variability for the two reanalysis data sets and all resolutions is given by the Taylorplots in Fig. 9b, c . The differences between the reanalyses are very small. It is worth mentioning that for the VHR model the most dominant zonal wind variability pattern (u-EOF1) does not describe the Atlantic jet wobbling, but rather a strengthening/weakening of the jet. The jet shift (and the subsequent link to NAO) is related to the second dominant pattern (EOF2). From the Taylor plots in Fig. 9b , c, a strong dependence on model resolution can not be detected. The VHR model reveals the closest link between the NAO pattern and the Atlantic jet wobbling (Fig. 9c) , but the pattern of Atlantic jet wobbling is best reproduced by the MR model and worst by the VHR model.
The most dominant pattern of jet variability over the Pacific sector (150°-240°W, 20°-90°N) is characterised by a strengthening/weakening of the North-Pacific jet in ERAInterim and all models (see Fig. 8c , f for the MR model). The corresponding regression patterns of the geopotential height field at 500 hPa onto the PC-timeseries of u-EOF1 over the Pacific (PAC-u-PC1) reveal patterns similar to the PNA pattern (pattern correlation 0.89 for ERA-Interim and 0.82 for MR), confirming the link between the PNA pattern and pulsing of the Pacific jet. The summary of the PNA-Pacific jet variability link for all models, given by the Taylorplots in Fig. 9b , c, reveal that the pattern of Pacific jet pulsing is best reproduced by the MR model, but the models with higher resolution (HR and VHR) show a closer link between the PNA pattern and the Pacific jet pulsing than the MR model. In summary, all three model versions are able to reproduce the spatial variability of the most important atmospheric teleconnections and their dynamical relation to sectoral zonal wind variability reasonably well. If the latter assumption is fulfilled, Handorf and Dethloff (2012) concluded, that the quality of simulated teleconnection pattern is largely determined by the quality of the simulated zonal wind variability patterns. The Taylor plots in Fig. 9a , b support this conclusion for the analyzed AMIP-runs with the ECHAM6 model. This leaves us with the question, why the skill in reproducing the sectoral zonal wind variability patterns decreases with increasing horizontal resolution? The variability of zonal wind fields is largely determined by the dynamical interaction between the synoptic scale baroclinic eddies and the largescale flow, whereby the eddy forcing is found to reinforce the jet stream at its current position (e.g., Athanasiadis et al. 2010; Woollings et al. 2010) . For the transitions to jet positions different from the current state synoptic-scale Rossby wave breaking plays an important role, as it was elaborated in recent studies (e.g., Benedict et al. 2004; Franzke et al. 2004; Riviere et al. 2010; Woollings et al. 2008; Franzke et al. 2011) .
In general it is expected that an increase of the horizontal resolution leads to a better representation of the interactions between processes on synoptic and planetary scales and thus to an improvement of the large scale variability patterns in the atmosphere. But, as pointed out by von Storch (2004) the statistical dissipation of large-scale variables in a GCM is significantly influenced by the variations of the model variables on the small scales. It was proven by von Storch (2004) that the stronger the small-scale fluctuations, the more intense is the statistical dissipation of largescale components. That implies, that an underestimation of the variations on small scales can lead to an overestimation of the low-frequency variability in a GCM.
Each change of the horizontal resolution of a GCM requires subsequent changes of the sub-grid scale parameterizations. In particular changes of the horizontal diffusion have a strong impact on the strength of the small-scale variations and subsequent impact on the large-scale variations as described in von Storch (2004) . This mechanism can be the basis for future studies of the question, why the representation of the zonal wind variability in the HR and VHR models was not improved. Furthermore it is suggested, that an improved description of the zonal wind variability in particular in the VHR model would require further adapted sub-grid scale parameterizations.
The Madden-Julian Oscillation
The Madden-Julian Oscillation (MJO, Julian 1971, 1972 and for an overview see for example Zhang 2005) could be one of the atmospheric phenomena that might benefit most from an increased horizontal resolution (for example, since convection plays a major role for the MJO). However, Jung et al. (2012) reported that their model failed to produce a relatistic MJO with all tested resolutions. Crueger et al. (2013) vary the model version, the convection scheme, apply the model in a coupled and an uncoupled mode, and analyze the influence of resolution (horizontal and vertical) on the MJO in the ECHAM6 model. In contrast to this study, Crueger et al. (2013) analyze a variation in horizontal resolution only between T63 and T127 (T255 is not included) and they also vary the vertical resolution. Since Crueger et al. (2013) found that qualitatively and quantitatively ECHAM6 is able to simulate the MJO, the representation of the MJO in ECHAM6 under increasing horizontal resolution is analyzed here. Various diagnostics introduced by the Climate Variability and Predictability (CLIVAR) MJO working group (Waliser et al. 2009 ) are applied to the MR, HR, and VHR output as well as to ERA-Interim data to analyze the representation of the MJO. With most diagnostics an overall improvement with resolution cannot be observed. For the results, only a composite life cycle of the MJO is shown (see Fig. 10 ) to give an overview.
The composite life cycle of the MJO is separated into eight phases and computed in analogy to Waliser et al. (2009 . Enhanced and suppressed convection is indicated with shaded areas (anomalies of outgoing longwave radiation, OLR), while anomalies in the winds at 850 hPa are depicted by wind vectors. The eastward propagation of convective system can be observed in the ERA-Interim data (Fig. 10a) . In all three simulations the convective signal is much weaker than in ERAInterim (weakest in VHR and strongest in HR), nevertheless the eastward propagation of the convective systems is recognizable in the model simulations (strongest in HR, weakest in MR). In ERA-Interim there is a clear phase relationship between the spatial structures of OLR and wind anomalies: easterly winds prevail east of deep convection, while westerly winds can be found in the areas and west of enhanced convection. While the east-and westward anomalies are reasonably represented in the three model simulations, there is a northerly wind bias east of deep convection and a southerly wind bias west of deep convection, which becomes stronger with higher resolution.
Including SST anomalies in Fig. 10 (not shown), indicates that the anomalies of sea surface temperature are not in phase with the OLR anomalies in the MR, HR, and VHR runs. In the AMIP simulations, the SST is prescribed and feedback mechanisms with the SST are therefore not possible. This suggests that a coupled simulation might lead to better results for the MJO. Crueger et al. (2013) have already shown that a coupled simulation is required to enhance the convective signal. They find that the eastward propagation signal is enhanced with increased resolution, however, here we show that the enhancement of the signal takes place in the step from MR to HR only. An increase to VHR does not lead to further improvements in the OLR signal. This could be related to the fact that the parameterization of convection does not depend strongly on the horizontal resolution of the model. Fig. 9 a Taylor plots for NAO and PNA of fields of Z 500 for all models, NCEP-and ERAInterim reanalyses (reference), DJF, 1979 DJF, -2008 . b Taylor plots summarizing those EOF-patterns of fields of u 500 over the Atlantic sector (−120° to 60°W, 20°-90°N) which represent jet wobbling (for NAO) and those EOF-patterns of fields of u 500 over the Pacific sector (150°-240°W, 20°-90°N) which represent jet pulsing (for PNA), respectively. The plot summarizes the EOF-patterns for all models, NCEP and ERA-Interim (reference), DJF, 1979 DJF, -2008 . c Taylor plots for regression patterns of NH Z 500 fields onto ATL-u-PC (for NAO) and PACu-PC (for PNA), respectively, at 500 hPa, reference point defined by the NAO-and PNA-pattern of the respective model/reanalysis data set. ATL-u-PC at 500 hPa was chosen to represent jet wobbling (PC1 for ERAInterim, NCEP, MR, HR, PC2 for VHR), PAC-u-PC at 500 hPa was chosen to represent jet pulsing (PC1) The Quasi-Biennial Oscillation (QBO, Baldwin et al. 2001) describes an alternation between eastward and westward winds in the tropical stratosphere with a period from about 22 to 32 months. Figure 11a shows the QBO in ERAInterim, i.e. the monthly zonal mean zonal wind averaged between 5°S and 5°N in the stratosphere for the 30 years from 1979 to 2008. The QBO for MR, HR, and VHR is shown in Fig. 11b-d . The period and amplitude of the QBO differ between the three models. The periods of the QBO in MR (25.7 months) and HR (30 months) are relatively similar to the QBO period in ERA-Interim (27.7 months). The magnitude of the easterly and westerly wind maxima are, however, slightly overestimated in both simulations, especially in MR. While the magnitude of the wind maxima in VHR are about the same as in ERA-Interim, the period is much shorter (18.9 months).
Already Jung et al. (2012) found that the period of the QBO becomes unrealistically short with increasing resolution. The deviations between the models is due to the different magnitudes of its forcing terms, which in GCMs are mainly vertical advection and resolved and unresolved parameterized waves (Scaife et al. 2000; Giorgetta et al. 2006; Kawatani et al. 2010; .
Due to larger resolved wave spectrum and, thus, stronger resolved wave forcing at high truncation limits Kawatani et al. 2010 ) the HR and VHR models internally generate a QBO like oscillation even though the source strength of the parameterized waves has been reduced (see Sect. 2). As the strength of the parameterized wave source affects the QBO amplitude and period (Scaife et al. 2000; Giorgetta et al. 2006 ), the observed difference of the QBO between the different model versions cannot be attributed to the increasing resolved wave field alone.
Discussion and conclusions
This study analyzes whether and to what extent ECHAM6 benefits from higher horizontal resolution. We systematically analyze the atmospheric bias in ECHAM6 with respect to the horizontal resolution. For that, the mean climate state of three AMIP simulations applying different horizontal resolutions is compared to reanalysis (ERAInterim and NCEP) and observational data (in case of precipitation: GPCP). The root-mean-square error, rmse, is computed to quantify the bias. Furthermore, we compare our results to previous studies to find model-independent features under increased horizontal resolution. For most climate variables, the bias decreases with increasing horizontal resolution. For example, the simulation of the mean sea level pressure improves increasingly when going from MR (T63) over HR (T127) to VHR (T255). Especially the surface pressure over the Arctic, which is too high in MR, is reduced in HR and in VHR. This is consistent with other findings, e.g. by Stratton (1999) who offers several explanations for the reduction of surface pressure over the Arctic: The orographic gravity wave drag may be better represented with a higher resolution, which improves the circulation in the northern hemisphere. Furthermore, a higher resolution model may be able to simulate flow across the pole more accurately.
The root-mean-square errors of the zonal mean zonal wind and the zonal mean temperature also decrease with higher horizontal resolutions in ECHAM6. For the zonal wind, the main feature is a poleward shift in the subtropical jets which reduces the bias in this area. For the zonal mean temperature the main feature is a tropospheric warming with increasing resolution which reduces the cold bias in the upper troposphere. Both effects (poleward shift of subtropical jets and tropospheric warming) have also been observed in earlier studies (see for example Williamson et al. 1995; Stratton 1999) and seem to be model independent features which appear at increasing resolution.
The tropical precipitation is strongly overestimated in ECHAM6. The error is almost the same with all three resolutions. The parameterization of precipitation hardly depends on the resolution and therefore differences are not great. However, convective precipitation decreases and large-scale precipitation increases with increasing resolution, which is consistent with the study by Jung et al. (2012) . To improve the bias, parameterizations need to be adapted as the resolution changes, as already pointed out by Boyle (1993) .
ECHAM6 has a very good vertical resolution and a high top (at 0.01 hPa). Thus, the representation of the stratosphere is of special interest. We find that there is a relatively large wind and temperature bias in the stratosphere in the MR model. Higher resolution overall helps to reduce these biases.
One of our main results is that the stratosphere benefits more strongly when horizontal resolution is increased than the troposphere, especially from HR to VHR. The stratosphere seems to be very sensitive not only toward vertical but also toward the horizontal resolution with respect to the mean as well as to the variance. The period of the QBO, for example, becomes much shorter in the higher resolution simulation. This does not improve agreement with ERAInterim data, but is an interesting feature that has also been observed by Jung et al. (2012) . For further explanation and information on the QBO in the high resolution model see .
To compare the various atmospheric fields, a normalized root-mean-square error is computed. The normalized errors show that the representation of the mean climate state improves with increasing resolution. Globally the bias of the mean climate state improves by 19 % from MR to VHR (with ERA-Interim data, with NCEP data the bias improves by 9 % from MR to VHR). The normalized error improves more strongly in the extra-tropical (29 % from MR to VHR with ERA-Interim) than in the tropical troposphere (14 % from MR to VHR), where small scale features, like convection, are of great importance but are still not resolved in VHR. Our result, that the bias is reduced with increasing horizontal resolution, is consistent with the study of Watterson et al. (2013) , who analyze which factors influence the skill of climate models. In their assessment they compare climate models participating in CMIP5 and find that higher horizontal resolution reduces the root-mean-square-error.
For the variance of atmospheric fields (derived from daily data) the normalized error is also computed. Overall, a reduction of the bias takes place, though the mean climate state benefits more strongly from an increased horizontal resolution than the variability. For the variance fields the bias improves by 10 % from MR to HR and by 6 % from HR to VHR (with ERA-Interim data, with NCEP data the bias improves by 4 % in both steps).
Taking ERA-Interim as reference data yields to stronger improvements with resolution in ECHAM6 than for NCEP as a reference. However, with both reanalysis data, it can be shown that for ECHAM6 an increase in the horizontal resolution from T63 to T255 leads to substantial improvements in the representation of the climate state and its variance.
Earlier studies, for example by Boville (1991) , Boyle (1993) , Williamson et al. (1995) , and Stratton (1999) , find that with increasing resolution the transient eddy kinetic energy (TKE) becomes stronger in jet regions. We observe an overestimation of the TKE in low and mid-latitudes already in the MR model. Increasing the resolution to HR indead leads to higher peak TKE. However, in contrast to the earlier studies, VHR has slightly weaker peak TKE values improving agreement with ERA-Interim and NCEP.
The representation of strom tracks also benefits from higher horizontal resolution. Some earlier studies have found that with increasing resolution the variance in the storm tracks becomes stronger at all seasons and in both hemispheres, which is connected to the increasing TKE values in these models (see for example Stratton 1999) . Instead of a plain increase in variability, we find that the northern hemispheric storm tracks are located too far southward, but with increasing resolution the bias is reduced, which is consistent with the poleward shift of the jets and a smaller bias in the TKE with higher resolutions in our study. However, it should be noted that there is still a considerable discrepancy between the simulated storm tracks and reanalysis data. Pope and Stratton (2002) and Jung et al. (2006) show that the representation of storm tracks over Europe, where orographic effects are important, improve strongly with higher resolutions. Furthermore, Branković and Gregory (2001) find that the better representation of orography often plays a role. Here, we also find that storm tracks over Europe are better represented by the higher resolution models, but the effects of orography have not been analyzed in detail. An ECHAM6 simulation with high horizontal resolution but orography that is consistent with the lower resolution model (as described by Jung et al. 2012) is called for to further analyze this matter.
The studies by Boville (1991) , Boyle (1993) , Williamson et al. (1995) , and Stratton (1999) apply models with lower resolutions than ECHAM6. The maximum horizontal resolution used is comparable to our HR simulation. Between MR and HR we also find an increase in TKE peak values. Only at the higher resolution, when even smaller scales are explicitly resolved, the overestimation of the transient eddy kinetic energy weakens and the simulation agrees better with observations. Possibly a horizontal resolution as high as VHR (T255) is needed for improving the representation of storm track variability, when the individual storms are better resolved. Furthermore, we have 95 vertical levels in ECHAM6 while some of the earlier studies apply models with only 18-30 levels, which could also account for the differences in the TKE variability.
To our knowledge there is no study which deals explicitely with the influence of increased horizontal resolution on the reproducibility of atmospheric teleconnection patterns in AMIP-style model experiments. Therefore, here we summarize results from related studies, which analyze the influence of increased horizontal resolution on dynamical processes strongly related to atmospheric teleconnections, in particular the jet variability.
In Sect. 4.3 we have shown, that all three model versions are able to reproduce the spatial variability of the most important atmospheric teleconnections and their dynamical relation to sectoral zonal wind variability reasonably well, but without improvement with increasing resolution. Davini and Cagnazzo (2013) show that the dynamical relation for the NAO is not reproduced by all CMIP5 models, and furthermore, that the ability to reproduce the dynamical relation does not depend on the atmospheric horizontal resolution.
On a hemispheric scale, the jet variability can be expressed by the annular modes. In a study by Palipane et al. (2013) with the ECMWF atmospheric model, it was shown, that the characteristics of the NAM (Northern Annular Mode) are better simulated with high horizontal resolution (T1279 compared to T159), possibly due to better representation of wave activity and extratropical cyclones. Delcambre et al. (2013) find for the CMIP3-ensemble of coupled simulations that differences in the horizontal resolution are not related to the accuracy of jet stream mean state and variability, but that the improvements in the tropical Pacific mean state may significantly advance the mean state and variability of the Pacific and Atlantic jets. However, a more focused study by Dawson et al. (2011) find that the extra-tropical response to El Niño in a low horizontal resolution coupled model, typical of CMIP3, has serious systematic errors, which can be related to an unrealistic atmospheric mean state, which changes the propagation characteristics of Rossby waves.
Even though the Madden-Julian-Oscillation depends on small scale phenomena, like convection, an overall improvement with increasing resolution cannot be observed. This may have several reasons. Most climate models have problems simulating a realistic MJO event (e.g. Zhang 2005; Waliser et al. 2009; Jung et al. 2012 ) and even though ECHAM6 is one of the climate models that actually does achieve to model an adequate MJO , the simulation of the MJO remains a challenge. Even in the VHR model, which has a high horizontal resolution (T255), convection has to be parameterized. It could be shown that the precipitation bias is not much affected by an increase in horizontal resolution and, thus, it is not surprising that the simulation of the MJO does not improve strongly. Furthermore, while an atmosphere-only model is applied in this study, Crueger et al. (2013) show that a coupled simulation greatly improves the representation of the MJO.
An ocean model has not been included in this set of experiments in order to reduce the number of possible feedbacks. However, as a next step a high resolution simulation with a coupled atmosphere-ocean model will be of interest. For example Delworth et al. (2012) apply a coupled high resolution model. Therefore they are able to analyze ENSO and find improved features in its representation compared to a lower resolution model.
When interpreting the results of this study it has to be considered that the representation of the precipitation does not improve with increasing resolution. This might affect various atmospheric processes. Besides convection, other parameterizations need to be adjusted when increasing horizontal resolution. For example the parameterization of gravity wave drag is not adequately tuned for VHR .
ECHAM6 is tuned for the MR (T63) resolution. Only very few adjustments have been made for the higher resolution versions (see Sect. 2) to isolate the effect of increasing the horizontal resolution. Better results might be obtained if the higher resolution models, especially VHR, were tuned for their respective resolution in a similar way.
For a successful high resolution simulation is not sufficient to simply increase the resolution and leave all other settings the same. Some adjustments to ECHAM6 have been applied (see Sect. 2) before running the VHR model, however, it seems that the model needs retunig for the high resolution simulation and parameterizations need to be ajusted. Additional work and effort is needed for conducting a very high resolution simulation. This is especially true for a coupled GCM, but also for an atmosphere-only model like ECHAM6.
It can be concluded that increasing the resolution from T63 to T127 strongly improves the representation of the mean state (by 14 %) and of the variability of the climate (by 10 %). Increasing the resolution to T255 further improves the bias by 6 % both for the mean state and the variance.
